Laser Thomson scattering in a novel, backscattered configuration was employed to measure the electron temperature ͑T e ͒ and electron density ͑n e ͒ in argon dc microdischarges, with an interelectrode gap of 600 m. Measurements were performed at the center of the gap that corresponds to the positive column. For 50 mA microdischarge current and over the pressure range of 300-700 Torr, the plasma parameters were found to be T e = 0.9Ϯ 0.3 eV and n e = ͑6 Ϯ 3͒ ϫ 10 13 cm −3 , in reasonable agreement with the predictions of a mathematical model. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2939437͔ High pressure ͑hundreds of torr͒ nonequilibrium microdischarges have been the subject of extensive investigations. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] This is due to their unique properties that make such microdischarges applicable in plasma display panels, excimer radiation sources, sensors, chemical and biological microreactors, etc. To understand and optimize the operation of these devices, reliable diagnostics of microplasmas are highly desired. Plasma diagnostics of microdischarges are complicated because of their small size and the high operating pressure.
Laser Thomson scattering in a novel, backscattered configuration was employed to measure the electron temperature ͑T e ͒ and electron density ͑n e ͒ in argon dc microdischarges, with an interelectrode gap of 600 m. Measurements were performed at the center of the gap that corresponds to the positive column. For 50 mA microdischarge current and over the pressure range of 300-700 Torr, the plasma parameters were found to be T e = 0.9Ϯ 0.3 eV and n e = ͑6 Ϯ 3͒ ϫ 10 13 High pressure ͑hundreds of torr͒ nonequilibrium microdischarges have been the subject of extensive investigations. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] This is due to their unique properties that make such microdischarges applicable in plasma display panels, excimer radiation sources, sensors, chemical and biological microreactors, etc. To understand and optimize the operation of these devices, reliable diagnostics of microplasmas are highly desired. Plasma diagnostics of microdischarges are complicated because of their small size and the high operating pressure.
Laser Thomson scattering ͑LTS͒ allows direct and simultaneous measurement of both electron density and electron temperature. LTS has been widely used for diagnostics of high temperature, high density plasmas, 12, 13 as well as low pressure nonequilibrium discharges. [14] [15] [16] [17] [18] [19] [20] LTS experiments in microdischarges are challenging because of the low signal and excessive stray light. Noguchi et al. 7 used LTS to measure the electron temperature and density in a pulsed ͑10 kHz͒ dc argon microdischarge at a pressure of 50 Torr. Other groups have also performed LTS in different types of microdischarges. 8, 9 Kono et al. 8 performed measurements in 2.45 GHz microwave microdischarges, sustained in a 100 m gap at atmospheric pressures of air or a He/ N 2 ͑5%͒ mixture. Hassaballa et al. 9 studied a pulsed dc ͑20 kHz͒ microdischarge in Ne/ Ar ͑10%͒ mixture at pressures of 100-300 Torr. No LTS measurements have been performed in argon microdischarges at higher pressures up to near atmospheric.
In this letter we report the results of direct measurements of electron temperature ͑T e ͒ and electron density ͑n e ͒ in argon dc microdischarges ͑p = 300-700 Torr͒ by using LTS.
The apparatus used for LTS was essentially identical to that described in Ref. 10 ͑see Fig. 1͒ ; therefore, only a brief description is given below. A dc glow discharge in Ar was ignited between two molybdenum electrodes ͑interelectrode gap d = 600 m, electrode surface area 5 ϫ 0.5 mm 2 ͒. The discharge current was set at I = 50 mA, resulting in a voltage between the electrodes in the range of 310-350 V ͑as pressure was varied͒. Higher currents resulted in glow-to-arc transition and damage of the electrodes.
The beam of a pulsed, frequency-doubled Nd:YLF ͑Neodymium: Yttrium Lithium Fluoride͒ laser ͑wavelength = 526.5 nm, pulse frequency f = 3 kHz, pulse duration ϳ 100 ns, and average power P ϳ 6 W͒ was condensed by two lenses and guided into a specially designed periscope. The periscope ͑see expanded view in Fig. 1͒ consisted of a Brewster-angle window, a right-angle prism and a 3 mm diameter, 15 mm focal length lens that focused the beam into the microdischarge. Backscattered light ͑confocal arrangement with scattering angle = 180°͒ was collected by two lenses, spatially filtered by a 100 m diameter pinhole, and focused on the 100 m entrance slit of a triple grating spectrometer ͑TGS͒. 15, 19 Because of the small dimensions of the microplasma, stray laser light can be very strong. Moreover, the high operating pressure of the microdischarge results in high Rayleigh scattering intensity. The TGS provides very efficient spectral filtering of the scattered light at the laser ͑cen-tral͒ wavelength, while transmitting the light shifted with respect to the laser wavelength.
A 500 m wide spatial filter was used in the TGS for the present measurements. The choice of spatial filter width is a compromise between blocked spectral range and laser wavelength suppression. In the case of rotational Raman spectroscopy ͑Ref. 10͒, a wider spatial filter ͑750 m͒ could be used since the Raman peaks were sufficiently shifted from the laser wavelength. However, the spectral width of the Thomson signal ͑ϰ ͱ T e ͒ is relatively small due to the low electron temperatures ͑ϳ3.5 nm for T e =1 eV͒. A 500 m wide filter was found to be the best compromise.
Light transmitted through the TGS was recorded by an intensified charge-coupled device ͑ICCD͒ camera in the gated mode, synchronized with the laser pulse. Spectra accumulated over 100 s ͑3 ϫ 10 5 laser pulses͒ were recorded on a computer and processed by a LABVIEW program that implemented a nonlinear ͑Gaussian͒ least squares fitting routine. Data points in the spectral range blocked by the spatial filter were not included in the fitting. Absolute calibration ͑re-quired for extracting the absolute electron density n e ͒ was done using Raman scattering from nitrogen. Before and after a set of experiments, the chamber was evacuated and then filled with pure N 2 . The calibration constant was found by fitting the Raman signal to a synthetic spectrum at room temperature ͑Ref. 10͒.
As pointed out in Ref. 10 , the confocal geometry has certain advantages. First, it provides higher flexibility in microdischarge reactor design, since only one direction ͑the axis of the laser beam͒ has to remain unobstructed ͑typical light collection systems at 90°with respect to the laser beam require two optical axes͒. This aspect is especially important for microdevices. Also, the 180°scattering angle of the confocal geometry results in higher values of the differential cross section, and thus greater intensity. However, in the confocal geometry, the intensity of the stray laser radiation is much higher than in the 90°geometry. When the frequency shift of the signal is large enough, the required stray light reduction factor can be achieved by choosing a wide spatial filter in the TGS. On the other hand, when the frequency shift of the signal is small ͑e.g., Thomson scattering from low-temperature electrons͒ stray light rejection becomes a problem, hence it was difficult to carry out spatially resolved LTS measurements of T e and n e . The measurement point was chosen on the basis of minimizing stray laser light ͑approxi-mately in the middle of the interelectrode gap͒.
To obtain a Thomson spectrum ͑Fig. 2͒ three consecutive signal accumulations were performed: scattered laser light with the plasma on, scattered laser light with the plasma off, and plasma emission ͑with laser off͒. The Thomson spectrum was found by subtracting the two latter spectra from the first one. Despite the presence of noise, the Gaussian fit was reasonably good ͑see Fig. 2͒ .
Due to the rather long duration of the laser pulse ͑ϳ100 ns͒, gating the ICCD did not provide sufficient suppression of the background plasma emission. The problem of background plasma emission also precluded the use of photon counting to improve the signal-to-noise ratio ͑the ICCD noise was relatively small compared to plasma emission͒. These problems were compensated by signal averaging over a very large number ͑3 ϫ 10 5 ͒ of laser pulses. The high repetition rate allowed this data set to be collected in ϳ100 s.
The electron temperature can be extracted from the width of the Gaussian fit, 14, 15, 20 T e = m e c 2 32 ln 2
where m e is the electron mass, c is the speed of light, laser is the laser wavelength, and ⌬ 1/2 is the full width at half maximum of the Gaussian function ͑T e is in units of energy͒.
To obtain the absolute value of the electron density, a calibration was done by recording the rotational Raman spectrum of N 2 at room temperature and specified pressure ͑600 Torr͒. Having determined the calibration factor, the electron density was found from, 14, 20 n e = CA 2 laser r e
where C is the calibration factor, A is the pre-exponential factor of the Gaussian function ͑f͑͒ = A exp͕−4 ln͑2͒ · ͓͑ − laser ͒ / ⌬ 1/2 ͔ 2 ͖͒, and r e = e 2 / m e c 2 = 2.818ϫ 10 −13 cm is the classical electron radius. Measurements were done for a set of Ar pressures ͑p = 300-700 Torr͒ with a discharge current of 50 mA ͑higher currents were not used due to arcing, while lower currents resulted in accordingly lower Thomson signals͒. The results are shown in Fig. 3 . The electron temperature is quite low ͑ϳ0.9Ϯ 0.3 eV͒, while the electron density is relatively high ͓ϳ͑6 Ϯ 3͒ ϫ 10 13 cm −3 ͔. There is essentially no pressure dependence within the uncertainty of the measurements.
The values of n e and T e shown in Fig. 3 are quite typical for this kind of microdischarge 7, 21 and are consistent with the predictions of a one-dimensional mathematical model, described in Ref. 21 * . The model was analogous to the helium discharge studied in Ref. 22 . Figure 3 shows that the calculated electron temperatures are higher than the measured values. This discrepancy suggests that the positive column may be influenced by a beam of high energy electrons emanating from the cathode sheath, which creates a nonlocal ionization source, allowing for a lower bulk electron temperature. Beam electrons were not treated in the fluid model which then predicts a higher electron temperature in the positive column.
In summary, LTS was employed to measure the electron temperature ͑T e ͒ and electron density ͑n e ͒ in argon dc microdischarges ͑interelectrode gap d = 600 m͒. A backscattering confocal optical system was developed for collecting the scattered light. Stray laser light and Raleigh scattering were blocked using a triple grating monochromator and spatial filters. Nitrogen Raman scattering was used to calibrate the scattered light intensity and extract the absolute electron density. Measurements were performed at the center of the gap that corresponds to the positive column. For the pressure range ͑p = 300-700 Torr͒ and a discharge current of I = 50 mA, the plasma parameters were found to be T e = 0.9Ϯ 0.3 eV and n e = ͑6 Ϯ 3͒ ϫ 10 13 cm −3 , almost independent of pressure. These values were in reasonable agreement with the predictions of a mathematical model.
The authors thank the Department of Energy ͑Grant No. DE-FG02-03ER54713͒ for funding this work and Professor A. Kono of Nagoya University for help with the design of TGS.
1
